Graded recruitment of elementary Ca 2+ release events, each resulting from coordinated opening of several IP 3 receptors (Ca 2+ puffs) [6, 9] or ryanodine receptors (Ca 2+ sparks) [10] , underlies the increase in cytosolic Ca 2+ evoked by extracellular stimuli [5] . IP 3 receptors [2, 4] are both stimulated and inhibited by Ca 2+ . The stimulation allows a Ca 2+ puff to ignite the activity of a neighbouring cluster of IP 3 receptors [9, 11] , and, while inhibition may be implicated in limiting the duration of these elementary Ca 2+ release events, the evidence is inconclusive for both IP 3 and ryanodine receptors [10, 12, 13] . In hepatocytes, the stimulatory and inhibitory effects of Ca 2+ are mediated by separate Ca 2+ -binding sites [12, 14] , although it is not clear whether they are on the IP 3 receptor itself [15] or on accessory proteins [4] . The channel of the IP 3 receptor opens only when the receptor has bound both IP 3 and Ca 2+ , and the site to which the Ca 2+ binds becomes accessible only after IP 3 binding [7, 8] .
Graded recruitment of elementary Ca 2+ release events, each resulting from coordinated opening of several IP 3 receptors (Ca 2+ puffs) [6, 9] or ryanodine receptors (Ca 2+ sparks) [10] , underlies the increase in cytosolic Ca 2+ evoked by extracellular stimuli [5] . IP 3 receptors [2, 4] are both stimulated and inhibited by Ca 2+ . The stimulation allows a Ca 2+ puff to ignite the activity of a neighbouring cluster of IP 3 receptors [9, 11] , and, while inhibition may be implicated in limiting the duration of these elementary Ca 2+ release events, the evidence is inconclusive for both IP 3 and ryanodine receptors [10, 12, 13] . In hepatocytes, the stimulatory and inhibitory effects of Ca 2+ are mediated by separate Ca 2+ -binding sites [12, 14] , although it is not clear whether they are on the IP 3 receptor itself [15] or on accessory proteins [4] . The channel of the IP 3 receptor opens only when the receptor has bound both IP 3 and Ca 2+ , and the site to which the Ca 2+ binds becomes accessible only after IP 3 binding [7, 8] .
We used rapid superfusion of permeabilised hepatocytes loaded with 45 Ca 2+ (Figure 1 ) to examine the interactions between IP 3 binding and the inhibitory effect of cytosolic Ca 2+ and so assess whether negative feedback might limit the duration of elementary Ca 2+ release events. Stimulation of permeabilised hepatocytes with a maximal concentration of IP 3 evoked a rapid increase in the rate of 45 Ca 2+ release, which then abruptly declined because IP 3 binding also initiates a partial inactivation of its receptor (Figure 2a ) [16, 17] . Pre-exposure of the cells for 1.2 seconds to cytosollike medium (CLM) containing a free Ca 2+ concentration ([Ca 2+ ]) of 100 µM almost abolished the response to a maximal concentration of IP 3 (10 µM): the peak rate of Ca 2+ release evoked by IP 3 was reduced by 92 ± 1.5% (n = 3; Figure 2a ,b). As the basal 45 Ca 2+ efflux was unaffected by the increase in free [Ca 2+ ] (data not shown), the inhibition did not result from depletion of Ca 2+ stores. Even when the IP 3 concentration was increased to 100 µM, pre-incubation with a high concentration of Ca 2+ almost abolished the response (data not shown), indicating that the inhibition was unlikely to result simply from a decrease in the affinity of the receptor for IP 3 [18] .
By varying the duration of the pre-exposure to 100 µM Ca 2+ , we established that inhibition developed with a
Figure 1
The superfusion apparatus [7, 22] . See Materials and methods for details.
Cells
Valve control Current Biology half-time (t 1/2 ) of about 50 milliseconds (Figure 2b ), consistent with results from smooth muscle [19] , but much faster than the rate (t 1/2 = 400 milliseconds) determined for brain microsomes using similar superfusion methods although with lesser temporal resolution [2] . After 100 milliseconds, 83 ± 4% (n = 3) of the maximal inhibition had developed. Half-maximal inhibition of the response to IP 3 during a 100 millisecond pretreatment occurred when the free [Ca 2+ ] was 2-3 µM (Figure 2c ). Such rapid inhibition of IP 3 receptors by micromolar concentrations of cytosolic Ca 2+ would be fast enough to influence Ca 2+ release during Ca 2+ puffs, where Ca 2+ release continues for several hundred milliseconds [6] . Inhibition by Ca 2+ also reversed rapidly (t 1/2~4 00 milliseconds) although, even after prolonged recovery (15 seconds), the reversal was incomplete (74 ± 8%; Figure 2d ).
In intact cells, the cytosolic [Ca 2+ ] near the mouth of an open IP 3 receptor is likely to rise rapidly to levels as high as 500 µM [20] . We attempted to simulate this by exposing cells to a maximal concentration of IP 3 in normal CLM and then, once the channels had opened, rapidly increasing the [Ca 2+ ] to 100 µM. In complete contrast to the inhibition that occurred when [Ca 2+ ] was increased before addition of IP 3 (Figure 2 ), raising [Ca 2+ ] after IP 3 addition increased the rate of Ca 2+ release (Figure 3a) . The stimulation occurred even though, at the supramaximal concentration of IP 3 used, all IP 3 receptors would be expected to have bound IP 3 before the [Ca 2+ ] increase [7] . Because Ca 2+ binding to the stimulatory site is relatively slow in normal CLM and can occur only after IP 3 binding [7] , the stimulation by high [Ca 2+ ] probably results from rapid binding of Ca 2+ to IP 3 receptors that are fully liganded with IP 3 and which then open as soon as both agonists have bound. The subsequent decay in the rate of 45 Ca 2+ release was unaffected by the increase in [Ca 2+ ]: the fractional release rate decayed monoexponentially from its peak with a t 1/2 of 301 ± 36 milliseconds in normal medium, and 269 ± 74 milliseconds in medium containing 100 µM Ca 2+ (n = 3).
We previously suggested that IP 3 binding per se caused a rapid (t 1/2 = 250 milliseconds) partial inactivation of the receptor, but found it difficult to unequivocally eliminate a contribution from Ca 2+ passing through the open channel [17] . Our present observations show that pretreatment with 100 µM Ca 2+ almost completely eliminates responses to IP 3 ( Figure 2 ), a more substantial inhibition than was ever observed during stimulation with IP 3 in rapid superfusion experiments [17] . Yet, high [Ca 2+ ] did not inhibit ongoing responses (Figure 3 ), and the rate of decay of the response to IP 3 was indistinguishable in media containing 200 nM or 100 µM Ca 2+ ( Figure 3 ). These results indicate that, although high [Ca 2+ ] is capable of causing greater inhibition than that observed during IP 3 -evoked Ca 2+ release, it has no effect on the rate of decay of the response to IP 3 . We conclude, therefore, that the decaying response to IP 3 is not caused by feedback inhibition by Ca 2+ .
As pre-incubation with Ca 2+ so effectively inhibits IP 3 receptors, why then should the same treatment be ineffective once receptors have bound IP 3 ? The lack of inhibition was not the result of allowing insufficient time for Ca 2+ to bind to an inhibitory site. Inhibition was 83% complete after only 100 milliseconds ( Figure 2b ) and Ca 2+ needed to reach only 20% of its final concentration (100 µM), which occurred in ~20 milliseconds, to be maximally effective ( Figure 2c ); yet the response to IP 3 was unaffected for more than 2 seconds after Ca 2+ had reached 100 µM (Figure 3a) . Furthermore, in separate experiments performed with more rapid mixing times, the lack of inhibition by Ca 2+ was evident only 100 milliseconds after IP 3 addition, before the rate of 45 Ca 2+ release had reached its peak (Figure 3b) . We conclude that IP 3 receptors are sensitive to inhibition by Ca 2+ only when they have no IP 3 bound, thereby accounting for previous reports that IP 3 receptors are more sensitive to Ca 2+ inhibition when the IP 3 concentration is low [3, 18] .
We suggest that IP 3 controls which of the two Ca 2+ -binding sites is available: IP 3 binding serves to switch the Ca 2+ sensitivity of its receptor by causing the inhibitory site to be masked and the stimulatory site to be exposed (Figure 4a) . One of the implications of this form of regulation is that Ca 2+ released by an active IP 3 receptor may inhibit unliganded neighbours, but it cannot inhibit the active receptor itself. The duration of a Ca 2+ puff cannot therefore be directly governed by inhibitory Ca 2+ feedback. IP 3 must dissociate from its receptor before Ca 2+ can inhibit; the rate of IP 3 dissociation (t 1/2 = 50-400 milliseconds) [17] would therefore seem to be the most likely determinant of the duration of elementary Ca 2+ release events.
The ability of an active receptor to inhibit its neighbours is reminiscent of lateral inhibition, which is common in the central nervous system and a universal feature of sensory systems [21] , serving both to sharpen contrast and to maintain sensitivity to a wide range of stimulus intensities. Lateral inhibition of IP 3 receptors by Ca 2+ may allow cells to express many receptors and so respond quickly to low concentrations of IP 3 without completely depleting the intracellular Ca 2+ stores and thereby losing their ability to respond to further increases in IP 3 concentration.
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Figure 4
Lateral inhibition of IP 3 Just as 'spare receptors' in the plasma membrane combine sensitivity to low concentrations of stimulus with the temporal resolution provided by having low affinity for their agonists, lateral inhibition, we suggest, brings the same benefits to IP 3 receptors, but by means of a more active management of the receptor reserve. The first IP 3 receptor to respond actively suppresses its neighbours (Figure 4b-e) . Such active management is essential for IP 3 receptors because, whereas plasma membrane receptors often recruit a signalling cascade, the IP 3 receptor, with its intrinsic Ca 2+ channel, is directly linked to the cellular response -release of intracellular Ca 2+ stores. Finally, the ability of IP 3 to switch its receptor from a state in which Ca 2+ inhibits to a state in which it stimulates provides a means of generating sharp elementary Ca 2+ release events (Figure 4b-e) .
Materials and methods
Rapid superfusion of permeabilised hepatocytes
Rat hepatocytes were permeabilised in Ca 2+ -free CLM (100 mM KCl, 20 mM NaCl, 5 mM MgCl 2 , 1 mM EGTA, 20 mM Pipes, pH 7) by incubation with 10 µg/ml saponin at 37°C for 8 min [7] . The cells were then resuspended (10 7 cells per ml) in CLM supplemented with 300 µM CaCl 2 (free [Ca 2+ ] = 200 nM), 7.5 mM ATP, the mitochondrial inhibitor FCCP (10 µM), and 45 CaCl 2 (15 µCi/ml). After 5 min, the cells were rapidly immobilised on the filter array of a rapid superfusion apparatus, the details of which were described previously [7, 22] (Figure 1 ). The method allows the rapid kinetics of unidirectional 45 Ca 2+ efflux from intracellular stores to be measured during rapid changes of media and under conditions where feedback effects of cytosolic Ca 2+ are minimal. Briefly, the filters retaining the cells were mounted in a chamber of negligible volume linked by computer-controlled solenoid valves to four pressurised vessels containing CLM and appropriate additions. Fluid flowed continuously at 2 ml/sec from one of the vessels, around the cells, and then during a single rotation of a variable-speed turntable, the effluent containing the 45 Ca 2+ released was collected into discrete fractions corresponding to intervals of 80 msec or, for Figure 3b , 20 msec. Inclusion of an inert marker ([ 3 H]inulin) allowed the rate of 45 Ca 2+ release and arrival of the stimulus to be precisely related. A reed switch on the turntable reported its position to a computer which controlled the fraction collector and solenoid valves. Previous experiments [7, 22] established that rates of 45 Ca 2+ release were unaffected by switches between control media, and that responses to IP 3 and its analogs were indistinguishable from those observed with other methods in their concentration-dependence, sensitivity to antagonism by heparin, and in the quantal nature of the responses. All experiments were performed at 20ºC. Under the conditions used for most experiments, the t 1/2 for exchange of media bathing the cells was 46 ± 5 msec. A two-stage pulsing protocol (27 msec of CLM containing 3.3 mM Ca 2+ , followed by continuous superfusion with CLM containing 1.1 mM Ca 2+ ) was used in some experiments (Figure 3b ) to allow the free [Ca 2+ ] to be increased from 200 nM to 100 µM in 27 msec without overshooting.
Analysis
At the end of each experiment, cells were superfused with CLM containing 0.5% Triton X-100 to release all remaining 45 Ca 2+ . The effects of IP 3 on rates of 45 Ca 2+ release were expressed after subtraction of the small (~1.2% per sec) basal rate of efflux. For most experiments, 45 Ca 2+ efflux rates were expressed as fractions of the entire 45 Ca 2+ content of the stores at the onset of IP 3 addition. For quantitative comparisons of decay kinetics, fractional release rates (the 45 Ca 2+ released into each fraction as a percentage of that remaining within the IP 3 -sensitive stores) were calculated [17] . Results are shown as means ± SEM of at least three experiments.
